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PREFACE. 



The transmission of power by com- 
pressed air has, in this country, been 
chiefly confined to tunnelling and min- 
ing operations; and while some of the 
plants for the generation of compressed 
air are large, no single plant is of such 
capacity as that in the Central Station of 
the Paris Compressed Air Co., where 
there may now be 10,000 horse-power 
generating compressed air. 

A plant is to be erected at Niagara, 
N. Y., by the Niagara Power Co. There 
will be a central station for the genera- 
tion of 5,000 h.p. by compressed air, and 
another for the generation of 5,000 h.p. 
by electricity, with the possible extension 
of either one of these to the amount of 
100,000 horse-power. This power will 
be distributed, as wanted, to the factories 
on the lands of the company; then to 
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an area within a two-mile radius. The 
radius will be increased gradually, until 
an area within a twenty-mile radius is 
covered. The deductions in Prof. Unwinds 
paper prove that power can be trans- 
mitted this distance without excessive 
loss of pressure, for he computes that 
air compressed to an initial pressure of 
132 pounds per square inch can be car- 
ried a distance of 30 miles in a 30-inch 
main with a loss of pressure of only 
12 per cent, and that from 40 to 50 per 
cent of the compressing power can be 
recovered in the motors if the air is 
used cold, and from 59 to 73 per cent if 
the air is reheated. 

The following papers give the data of 
and deductions from experiments made 
by eminent authorities on the Paris 
system, and are presented to the reader 
in extenso. 

F. E. I. 
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EXPERIMENTS UPON THE TRANS- 
MISSION OF POWER BY COM- 
PRESSED AIR IN PARIS (POPP'S 

SYSTEM), 

By Prof. Alexander B. W. Kennedy, 
F.R.S.. M. Inst. C. E. 

The subject of transmission of power to 
a distance is one of such immense im- 
portance in an industrial country like 
our own, that I am sure I need offer no 
apology for bringing this paper before 
you. In a case such as that which I have 
to* describe, where the distance to which 
the power is to be transmitted is great 
enough to be measured in miles, the pos- 
sible methods of transmission are not very 
numerous. Steam, water, air, and elec- 
tricity seem to be the only four agents 
practically available. All four have 
been used to a greater or less extent, 
and with more or less complete success. 
In our own country the distribution and 
use of high-pressure water has been car- 

7 
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ried out with the greatest engineering 
skill and with correspondingly great 
success by the Hydraulic Power Com- 
pany in London, and also in HulL 
Electric transmission (for traction at 
least) has been at work on a small scale 
for some time in various places, and is 
about to be tried on a much larger scale 
on the Southwark Subway. In America 
it has been very widely used for traction 
on tramways, and on the Continent it 
has also been used to a certain extent 
for power transmission for general pur- 
poses. Steam has been used on a large 
scale in New York, but as yet its success 
does not seem to be unquestionable. 
Compressed air has, of course, been used 
over and over again in rough and un- 
economical fashion in connection with 
tunnelling and boring work, but I think 
only two practical attempts have been 
made to utilize it economically and on a 
large scale for industrial purposes. Of 
these two, one has been made in Bir- 
mingham and the other in Paris. The 
Birmingham Compressed Air Power 
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Company has established works on a 
very large scale, but various causes have 
unfortunately combined to cause delay 
in the commencement of its operations, 
which indeed are hardly yet fairly 
started. In Paris, however, the trans- 
mission of power by compressed air has 
been in operation on a somewhat large 
scale and with very great mechanical 
success for a few years past. I have 
recently had occasion to spend some 
weeks in making experiments in connec- 
tion with the Paris compressed-air plant, 
and have been given the fullest per- 
mission to publish the results of my 
experiments. To avoid any misunder- 
standing, I must premise that it is not 
my intention to institute any comparison 
between the different methods of power- 
transmission which I have mentioned. 
Such a comparison, to be of any value, 
would require for itself a paper at least 
as long as the one which I have to put 
before you, and is, therefore, in the 
nature of things impossible here. On 
this matter I wish to say only one thing, 
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in view of a recent discussion on the 
Hydraulic Power Company's work in 
London, in which some comparisons 
were made between power transmission 
by air and by water. So far as I see, the 
two systems at present practically occupy 
different fields, and overlap but little. 
The work that each appears to do best 
is exactly that for which the other is 
least fitted. I see as little chance for 
air, just now, taking the place of water 
for lifts or cranes, as I do for water 
coming into common use in the driving 
of motors. I think it would be a pity if 
there were to be any impression that two 
systems were antagonistic which, in 
point of fact, rather supplement each 
other. Having said this much, I will 
limit myself to a description of the 
plant and methods used in Paris, and to a 
statement of the actual results obtained 
there, as determined by my own experi- 
ments on the spot. The plant and 
methods are by no means absolutely 
perfect; they are not only susceptible 
of, but are now receiving, considerable 
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improvements in detail in the extensions 
which are being carried out. In what I 
have to say, however, I shall confine 
myself entirely to results actually ob- 
tained with the present plant, as it was 
working when I tested it two months 
ago, not giving it credit for the result of 
any of the improvements which have not 
yet been introduced throughout into the 
system of working. I shall only, after 
having given this statement of facts, 
state briefly my views as to the probable 
practical value of improvements which 
may be, or are being, carried out. 

The work now carried on by the Paris 
Compressed Air Company has developed 
from very small beginnings, at first 
slowly, lately very fast. It originated 
in a pneumatic clock system, which was 
started about 1870 with a small "central 
station '' in the Eue St; Anne, in the 
centre of Paris. This business grew 
gradually until it became far too large 
to be carried on from such a position, 
and a few years since a central station, 
with much enlarged machinery, was 
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established in the Rue St. Fargeau, 
which is in Belleville, about 4^ miles 
east of the Madeleine. There are now 
about 8000 pneumatic clocks, public 
and private, in Paris, driven from St. 
Fargeau, and regulated by a standard 
clock in the Rue St. Anne; but as this 
part of the work, although it originally 
formed the basis of the whole system, is 
now a comparatively very small part of 
it, and is of an entirely special nature, I 
do not propose to say anything further 
about it here. Until about two years 
since, a pair of single-cylinder horizontal 
engines by Farcot, and a beam engine 
by Casse, sufficed for the whole work; 
but by that time the demand for com- 
pressed air for working motors had so 
increased that extension had become 
imperative, and the present working 
plant of six compound condensing en- 
gines, each working two air-compressors, 
with the necessary complement of boilers, 
was put down. This plant, except the 
compressors, was supplied from England 
by Messrs. Davey, Paxman & Co. of 
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Colchester. The compressors for the 
English engines were made in Switzer- 
land on the Blanched system. The 
demand lor power is at present so great 
that, at certain hours of the day, practi- 
cally the whole plant, old and new, 
indicating considerably over 2000 horse- 
power, is fully at work, and in conse- 
quence a duplicate main is being laid 
throughout, and new engines and com- 
pressors, half of them constructed by 
Davey, Paxman & Co., and half by John 
Cockerill & Co. of Seraing, are being 
pushed forward as rapidly as possible. 

The general system of working is a fol- 
lows: Fig. 1. The steam-cylinders (I) 
compress the air to a pressure of five at- 
mospheres (six atmospheres absolute) or 
thereabouts in the compressor-cylin- 
ders (II). The air is drawn in direct from 
the engine-house, where I found it to be 
about 70 deg. Fahr., and after it has 
finally passed along the mains for some lit- 
tle distance it is again about the same tem- 
perature. It is therefore of the greatest 
importance to prevent its temperature ris- 
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ing during the compression, as all heat sq 
taken up by the air represents work done 
in the steam-cylinders of which no part 
what-ever can be utilized. If the air 
were compressed adiabatically, i.e., with- 
out any cooling whatever, its tempera- 
ture on leaving the compressor would 
be about 430 deg. Fahr., a temperature 
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higher than that of saturated steam of 
300 lbs. pressure per square inch. At St. 
Fargeau water for cooling is allowed to 
run into the cylinders through the suc- 
tion-valve> during the suction stroke, in 
such quantity that the final temperature 
is only 150 deg. Fahr. So far the result 
is satisfactory enough, but owing, un- 
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fortunately, to the particular way in 
which the cooling water is utilized 
mechanically, the air does not get cooled 
until after it has been compressed, so 
that practically no benefit is obtained 
from the cooling in spite of the extent 
to which it occurs. The power expended, 
as we shall see presently, is practically 
equal to what would have been expended 
had the compression been adiabatic. 
The quantity of air dealt with at each 
revolution is 47.6 cubic feet (for the pair 
of double-acting compressing cylinders), 
which is equivalent to 3.55 lbs., the quan- 
tity of water used being about 2.4 lbs. 

After compression, the air, now having 
an absolute pressure of six atmospheres 
and a temperature of 150 deg. Fahr., is 
pushed into large boiler-plate receivers 
(III) of which some are arranged to act 
as separators, and in these a large por- 
tion of the cooling water, which has 
been carried along mechanically by the 
air, is deposited and removed, before the 
air enters the mains (IV). The principal 
main is 300 mm. (11.8 in.) in diameter 
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and about f in. thick. It is of cast-iron, 
made in lengths perfectly plain at each 
end, and connected by a very simple 
external joint made air-tight by india- 
rubber packing-rings. This joint leaves 
the pipe quite free endwise, and also 
allows all necessary sideway freedom, so 
that accidental distortion to a quite 
measurable extent is entirely without 
effect on the tightness of the joint. 
The mains are partly laid under road- 
ways and footways, and partly slung from 
the roof of the sewer subways. They 
are supplied at intervals with automatic 
float traps for carrying off the entrained 
water and the water of saturation, as 
they deposit. 

On entering a building on its way to 
a motor, the air is first passed through a 
meter (V) exactly as gas would be. The 
quantity passing is of course too great 
to allow anything like an ordinary gas- 
meter to be used; indeed, only inferen- 
tial meters seem to have been at all suc- 
cessful. The meter actually in use in 
Paris is a small double cylindrical box. 
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The air passes by a branch through to 
the bottom of the inner box, up through 
it, down outside it between the two 
boxes, and away through a branch at 
the bottom opposite the inlet branch. 
The wliole measuring apparatus is a 
little four- or six-armed fan, with alu- 
minium or nickel vanes, placed near the 
bottom of the inner casing and com- 
municating motion by a light vertical 
steel spindle to a clock-work register, 
like that of a gas-meter, placed on the 
top. The quantity recorded is simply 
the number of revolutions made by the 
fan, or some proportional number, and 
this is turned into cubic metres by mul- 
tiplication by an arbitiary constant, 
determined by direct experiment. As 
to the working of this meter I shall have 
something to say later on; it is the only 
type used by the Paris company, and 
serves in a very large number of cases as 
basis of payment. 

After passing the meter the air is car- 
ried through a reducing-valve (VI) by 
which the initial pressure in the motor 
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is prevented from rising above a certain 
limit, which in practice appears to vary 
between 3^ and 5^ atmospheres absolute, 
according to the size of the motor in 
proportion to its work. 

Between the reducing-valve (VI) and 
the motor (VIII) there is placed in all 
ordinary cases a small stove or heater 
(VII). This heater is simply a double 
cylindrical box of cast-iron, having an 
air-space between its outer and its inner 
walls. The air under pressure traverses 
this space, and is compelled, by suit- 
ably arranged baffle-plates, to circulate 
through it in such a fashion so as to come 
into contact with its whole surface. A 
coke fire is lighted in the interior of the 
stove, and the products of combustion 
are carried over the top of it, and made 
to pass downwards over its exterior sur- 
face, inside a sheet-iron casing, on their 
way to the chimuey-flue. The heater 
for the motor on which I experimented 
(which indicated 10 to 12 horse-power) 
was about 21 in. in diameter and 2 ft. 
9 in. high over all. The use of the 
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heater^ and the extent to which that 
use is advantageous and economical^ are 
matters on which I shall touch later. 

The motors used in Paris are mainly 
of two types. Up to one horse-power 
or thereabouts small rotary engines, of 
a form patented by M. Popp, are used; 
into the details of these it is not neces- 
sary to enter here. They start very 
readily, are easily governed, are pro- 
vided with capital automatic lubrica- 
tors worked by compressed air, run at 
a very high speed, and are altogether 
very convenient. They use the air with 
little or no expansion, without previous 
heating, and have, of course, no pretence 
to economy in use of air. 

The larger sized motors, up to double- 
cylinder engines 12 in. by 14 in., which 
is the largest size used, are simply 
ordinary Davey-Paxman steam-engines, 
employed for air absolutely without any 
alteration or modification. These en- 
gines have, in most cases, automatic 
cut-off gear controlled by the governor, 
and can therefore easily work with the 



Digitized by VjOOQIC 



20 



largest economical ratio of expansion for 
the not very high available initial press- 
ure. I believe that in every case 
heaters are provided for these engines, 
although in some instances, where both 
power and refrigeration are required, 
they are used sparingly or not at all, in 
order to take advantage of the cooling 
due to expansion. 

After this short description of the 
general arrangements of the Paris com- 
pany's work I come now to the experi- 
ments which I made to ascertain its 
efficiency. Starting from the main 
engines at the central station, the par- 
ticular matter which I had to determine 
was the indicated horse-power which 
would be shown by a small motor three 
or four miles from St. Fargeau for each 
indicated horse-power expended by the 
main engines on the air which passed 
through that motor. The ratio thus 
obtained would be the total indicated 
efficiency of the whole system of trans- 
mission. This ratio is in reality the 
product of a number of separate efficien- 
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cies, and the separate determination of 
these formed a necessary check on the 
value of the total efficiency. These 
separate efficiencies may be summarised 
as follows: 

1. Mechanical efficiency of main en- 
gines, or ratio of work done in com- 
pressors to indicated work in steam- 
cylinders. 

2. Efficiency of compressors, or ratio 
of maximum work which could be done 
in a motor by each cubic foot of com- 
pressed air at 70 deg. Fahr., to the work 
actually done in compressing that air. 

3. Efficiency of mains, or ratio in 
which the capacity of the compressed 
air for doing work is reduced by friction 
and leakage. 

4. Efficiency of reducing-valves, or 
ratio in which the capacity of the com- 
pressed air for doing work is reduced by 
the lowering of its initial pressure at the 
motor. 

5. Indicated efficiency of motor, or 
ratio in which the actual indicated work 
done falls short of the maximum work 
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which the quantity of air measured 
through the meter could do after passing 
the reducing- valve. 

The product of these five efficiencies 
is the total efficiency of transmission 
without the use of a heater. When a 
heater is used the matter is somewhat 
more complicated. All the ratios given 
above represent what may be called 
mechanical efficiencies^ all of them have 
unity for their maximum attainable 
value. It is^ therefore^ not possible to 
introduce in direct combination with 
them a thermodynamic efficiency (ratio 
of additional heat supplied to additional 
work done)^ which has for its maximum 
value not unity, but 0.3 or some similar 
small value. This could only be done 
if the measurement of efficiency had 
started originally from the heat given to 
the steam instead of from the indicated 
horse-power, and this would have given 
numbers having a minimum of practical 
value or convenience. Probably the 
best practical measure of the efficiency 
of the whole transmission, when using 
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heated air, is obtained by finding the 
equivalent in indicated horse-power at 
the central station of the coke used in 
the heater, and adding this to the indi- 
cated horse-power actually used. It 
would not be possible, by the expendi- 
ture of this or any other amount of 
indicated horse-power at the central sta- 
tion, to obtain the same results as by 
heating the air just before entering the 
motor, but that, of course, does not 
affect the question before us. 

The determination of the indicated 
horse-power of the main engines pre- 
sented no difficulty. I measured it on 
one pair of engines at different speeds 
from 21 to 44 revolutions per minute. 
At 31.5 revolutions per minute it 
amounted to 254.9, and at all speeds it 
was approximately 8.1 indicated horse- 
power per minute per revolution. The 
mechanical efficiency was sensibly the 
same at all speeds, viz., 84.5 per cent., as 
given in the table. There was no 
method available for ascertaining to 
what extent the real quantity of air 
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delivered corresponded to the nominal 
volume swept through by the com- 
pressor-pistons. The indicator-diagrams. 
Fig. 2, show no signs of leakage past the 
valve, but there are no doubt various 
possible leakages which would not show 
on the diagrams. In the absence of any 
direct means of determination, however, 
I have assumed that the compressor- 
cylinders delivered their full volume, 
which corresponds to 348 cubic feet* of 
air per indicated horse-power per hour. 
This air has a weight of about 25 lbs. 
It may be pointed out that the water 
injected practically fills up the clearance- 
space at the end of each stroke. 

I have already pointed out that at 
whatever temperature the air is deliv- 
ered, it must fall to about its original 
temperature in the long length of mains 
before it reaches the motors. It is, 
therefore, a simple matter to find the 



*Here and elsewhere, unless specially mentioned, 
Tolumes are supposed to be at atmospheric pressure 
and at 70 degr. Fahr., the actual admission temperature 
during my experiments. 
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maximum amount of work which can be 
done by the air delivered per indicated 
horse-power, for it simply amounts to 
the PV of the air at six atmospheres 
absolute and at 70 deg. Fahr., plus the 
work it can do in expanding adiabatic- 
ally to a pressure of one atmosphere, and 
minus the work necessary to expel it 
from the cylinder at that pressure and 
at the corresponding temperaturcf In 
the present case I find that this work is 
equivalent to 0.52 indicated horse-power 
for an hour, so that the efficiency of the 
compressors is 61 per cent. It will be 
seen from the diagrams that the com- 
pression curve falls only a little below 
the adiabatic, and as the area of the dia- 
gram is increased somewhat by the re- 
sistance of the discharge-valve, the work 
done is practically the same as if the 
compression had been adiabatic, and 

t In symbols, if suffixes I and 2 be used for the initial 
and final conditions of the air, if pressures be meas- 
ured in pounds per square foot and volumes in cubic 
feet, the maximum work possible, without addition of 
beat, is 

(P,V, - P.,Va) —1- = 3.45(P|V|-PaVa). 
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there had been no cooling at all. This 
matter I have already referred to. 

Fig. 3 shows graphically the relation 
between the quantities so far measured. 
If the area ABODE represents on any 
scale the work done in the steam-cylinder, 
the area ABCP represents on the same 
scale the work done on the air in the com- 
pressors. CB is an adiabatic curve, CG 
an hyperbola, so that AG represents the 
volume of the compressed air when it 
has fallen in the mains to the tempera- 
ture which it had initially at 0. GH 
being again an adiabatic curve, the arear 
AGHP (which is 61 per cent of ABCF, 
and 52 per cent of ABODE) represents 
the maximum work which can be ob- 
tained from the air in a motor, the quan- 
tity calculated in the last paragraph. 

If it be assumed that the temperature 
in the mains is constant, then any loss of 
pressure, due to friction, must be ac- 
companied by an exactly equivalent in- 
crease of volume. Thus if (Fig. 3) the 
pressure falls from A to K, the volume 
increases from AG to KL, the point L 
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lying on an isothermal through G. The 
loss of possible work due to such a reduc- 
tion of pressure is represented by the 
difference between the areas AGHF and 
KLMF, in both of which the expansion 
curves are adiabatic. The change of 
temperature in passing through a reduc- 
ing-valve is so small that it may be as- 
sumed without sensible error that the 
loss due to such a process may be calcu- 
lated in the same fashion. 

I determined the loss of head in the 
mains by a series of observations made 
simultaneously at known points in Paris 
and at St. Fargeau . The pressure-gauges 
used having been carefully compared, 
and al) the necessary corrections made, 
I found the loss of pressure to vary from 
0.35 to 0.25 atmosphere, according to 
the distance from St. Fargeau and the 
amount of air passing through the pipes. 
The average loss may be taken as 0.3 of 
an atmosphere at three miles from St. 
Fargeau, when the indicated horse-power 
there was about 1250 and the maximum 
velocity of the air in the mains about 
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1550 feet per minute. What proportion 
of this loss of head may have been due 
to leakage, and what the amount of 
leakage (if any) may have been, I had no 
means of determining. The duplicate 
main to which I have referred is not yet 
completed, and it was impossible to iso- 
late any portion of the mains, even tem- 
porarily, to test for leakage. From the 
figures I have given, as well as from the 
nature of the pipe- joint, I cannot doubt 
that the leakage must, under any circum- 
stances, have been extremely small. 

In the table I have given approximate 
values of the loss due to fall of pressure 
in the mains and through the reducing 
valve, with various values of the total 
reduction of pressure. With a total re- 
duction of half an atmosphere the com- 
bined efficiency of mains and valves is 
0.96, reducing the maximum possible 
work at the motor to 0.5 indicated horse- 
power per indicated horse-power at the 
central station. Under these conditions 
the minimum possible consumption of air 
per indicated horse-power at the motor 
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would be twice 348, or 696 cubic feet per 
hour. 

The motor on which I made most of 
•my experiments was an ordinary horizon- 
tal Davey-Paxman engine, with a single 
cylinder 8^ inches in diameter and 12 
inches stroke, fitted with automatic cut- 
off gear. For convenience sake I tested 
it at St. Fargeau and not in Paris, but I 
used a pressure only of 4J^ atmospheres, 
which pressure I found to be exceeded on 
branch mains 3 J miles from St. Fargeau, 
where I made later experiments. The 
position of the motor did not, therefore, 
put it under any conditions different 
from those existing in the centre of 
Paris. I made a large number of experi- 
ments on this motor, under various con- 
ditions, individual experiments lasting 
from four hours down to half an hour. 
I shall here give figures representing 
only the four most important of my ex- 
periments, two with cold and two with 
heated air, averaging the two experi- 
ments in each case, so as not to burden 
my paper with unnecessary figures. 
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The motor, when indicating 9.9 horse- 
power, and making about 125 revolutions 
per minute, used 890 cubic feet of air per 
indicated horse-power per hour. (Its in- 
dicator-diagrams are shown in Fig. 4, 
their area being represented by KNO 
in Fig. 3.) The work which this quantity 




of air, at the given pressure and temper- 
ature, is theoretically capable of doing 
behind a piston, expanding down to at- 
mospheric pressure, is equivalent to 1.27 
horse-power for an hour. The indicated 
efficiency of the motor (the ratio express- 
ing loss by rounding of curves, by in- 
sufficient expansion, by back pressure. 
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etc.) is therefore 0.79. This figure gives 
us a check on the ratios already worked 
out, for if they are right the air actually 

used should be ^r-^r^ times as great as the 

696 cubic feet already allowed for. This 
would be 880 cubic feet, which represents 
of course a most satisfactory check. It 
will, however, be recognized that this 
agreement checks the figures only so far 
as they apply to air actually used, and 
would not be vitiated or in any way af- 
fected by losses by leakage. 

The vital measurement of all the ex- 
periments was, of course, that of the 
quantity of air used. The air was passed 
through one of the fan-meters already 
described, readings of which were taken 
every quarter of an hour. After the ex- 
periments were over air was passed 
through the same meter at exactly the 
same pressure, and in as nearly as pos- 
sible the same quantity, and then passed, 
at atmospheric pressure, through two 
large standard wet gas-meters. The 
readings of these were taken as correct. 
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and the multiplier for the fan-meter de- 
termined from them. I found from nu- 
merous experiments on several fan-meters 
that this multiplier varied both with 
pressure and with quantity, but that the 
latter variation was very small within the 
limits of my experiments. I have no 
doubt that the air quantities which I 
shall give you are correct within about 2 
per cent, plus or minus. 

It will be seen that the total indicated 
efficiency of transmission, with cold air, 
is 0.39 ; in other words, that work requires 
to be done at the rate of 2.6 indicated 
horse-power at the central station per in- 
dicated horse-power at the motor. The 
motor was worked on a brake, and its 
mechanical efficiency was found to be 
0.67, so that in round numbers 4 indi- 
cated horse-power were required at St. 
Fargeau per brake horse-power at the 
motor. 

To examine the economy due to heat- 
ing the air before using it, I used the 
same motor, working as nearly as possible 
at the same power and speed, and with 
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exactly the same pressure, but passing 
the air between the meter and the engine 
through such a heating-stove as I have 
already described. I weighed all the 
coke used, and read the temperatures 
every five minutes during a four-hours' 
trial. The air was heated in passing 
through the stove, up to 315 degr. Fahr., 
with a consumption of about 0.39 lb. 
coke per indicated horse-power per hour. 
As the admission temperature on the 
cold trials was 83 deg. Fahr.* only, this 
corresponds to an increase of about 42 
per cent in the volume of the air, and 
should therefore (had the indicated effi- 
ciency remained the same) have been ac- 
companied by a decrease of air consump- 
tion in the ratio -—rK or 0.70. The air 
1.43 

actually used was 665 cubic feet per indi- 
cated horse-power per hour, which is 0.75 
of the 890 cubic feet formerly required. 



* This somewhat high admission temperature was 
the only point in which the motor at St. Fargeau dif- 
fered from those in Paris, where I found the admission 
temperature to be from 69 deg. to 71 deg. Fahr 
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80 that the full economy is very nearly 
realized. The indicator-diagrams are 
shown in Fig. 5, and are represented by 
KPQO in Fig. 3. An air consumption of 
665 cubic feet per indicated horse-power 
per hour corresponds to an indicated effi- 
ciency over the whole system of 0.52, in 




other words 1.92 indicated horse-power 
is required at St. Fargeau per indicated 
horse-power at the motor. The mechan- 
ical efficiency of the motor was very much 
greater hot than cold, rising to 0.81. 
Hence about 2^ indicated horse-power at 
St. Fargeau gave one brake horse-power 
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at the motor. These figures, however, 
take no account of the coke burnt in the 
heater, and are, therefore, only to be con- 
sidered as apparent efficiencies. Allow- 
ing for the value of the coke in the man- 
ner already described, the real indicated 
efficiency of the whole transmission is 
0.47. 

A shorter experiment with slightly 
higher temperatures and considerably 
larger indicated horse-power, gave still 
more economical results, the air consump- 
tion falling to 623 cubic feet per indicated 
horse-power per hour, an "apparent'* 
indicated efficiency of 0.56. This experi- 
ment was not, however, of sufficient du- 
ration to allow of coke measurement. 

As to the value of the preliminary 
heating, the figures which I have given 
show that it caused a saving of 225 cu- 
bic feet of air per indicated horse-power 
per hour, at a cost to the consumer of 
about 0.4 lb. of coke per indicated horse- 
power per hour. I do not doubt that 
the stokiag of the heater during my ex- 
periment was much more careful than it 



Digitized by VjOOQIC 



38 



would be iu ordiuary practice, although, 
on the other hand, it would not be diffi- 
cult to design a more economical stove. 
If, however, the coke consumption were 
even doubled, it would only amount to 
72 lbs. per day of nine hours for 10 indi- 
cated horse-power, the value of which 
might be 6d. or Td. The air saved un- 
der the same circumstances would be 
over 20,000 cubic feet, the cost of which, 
at the high rate charged in Paris, would 
be 7s. 3d. There is no doubt therefore 
that to attain the maximum of economy 
the preliminary heating of the air should 
be carried as far as is practicable. 

Of course heating the air serves the 
purpose also of preventing any chance of 
the exhaust-pipe becoming ice-clogged. 
I found this to happen once or twice 
when working with cold air, its occurrence 
depending rather on the amount of 
moisture in the air than on the exhaust 
temperature, for the engine, after run- 
ning freely with an exhaust of —35 deg. 
Fahr., choked later on at +2 deg. Fahr. 
I do not think that in any case which I 
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met with there would have been any 
trouble from choking had the exhaust- 
pipes been properly arranged. As it 
was, they were merely the ordinary yer- 
tical exhaust-pipes of a steam-engine, 
quite suitable for their original and for 
their intended purpose, but singularly 
unfitted for the purpose to which I was 
putting them. 

Summarizing now the whole matter as 
regards efficiency, it may be said that the 
result of my detailed investigations is to 
show that the compressed-air transmis- 
sion system in Paris is now being carried 
on on a large commercial scale in such a 
fashion that a small motor four miles 
away from the central station can indi- 
cate in round numbers 10 horse-power 
for 20 indicated horse-power at the sta- 
tion itself, allowing for the value of the 
coke used in heating the air, or for 25 in- 
dicated horse-power if the air be not 
heated at all. Larger motors than the 
one I tested (and there are a number of 
such in Paris) may work somewhat more, 
and smaller motors somewhat less, eco- 
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nomically. The small rotary motors 
would, of course, be much less econom- 
ical. The figures which I have given 
are, however, such as can be reached by 
any motor of between 5 and 25- indicated 
horse-power if worked at a fair power for 
its size. M. Victor Popp himself, and 
the engineers of the company, by no 
means content with the results already 
obtained, are experimenting in various 
directions with a view to greater economy, 
and I have not the least doubt that they 
will attain their end. But although I 
made several experiments on new appa- 
ratus, I prefer to leave their results here 
undiscussed, confining myself as strictly 
as possible to the work which has been 
already carried out and the economy of 
actual present working, rather than giv- 
ing any credit for the result of improve- 
ments which, however certain they may 
be thought, are not yet actually carried 
out in practical work. 

A system of transmission which has 
actually been carried out on a large com- 
mercial scale in such a way as to have an 
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indicated eflficiency of 50 per cent be- 
tween prime mover and secondary motor, 
four or five miles apart, is one which 
needs no adventitious aids to commend 
it to notice, especially where its uses are 
so numerous and so varied, and its con- 
venience so extremely great, as are those 
of compressed air. Both M. Victor 
Popp, who has organized and carried 
through the work of the Paris company, 
and Mr. James Paxman, who has designed 
and made the greater part of the machin- 
ery used, are to be heartily congratulated 
on the results which have attended their 
work. 

While, however, I am unwilling to lay 
stress on possibilities which are not yet 
actualities, there can be no harm in say- 
ing that I have no doubt whatever that 
with mere improvement of existing meth- 
ods and appliances, and without the 
adoption of any new or untried methods 
whatever, the new plant of the Paris 
company now being constructed can be 
made to have an indicated efficiency of 
67 per cent instead of 50 per cent, and 
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to give about 0.54 effective horse-power 
at the motor for each indicated horse- 
power at the central station, in the case 
of such a motor as that on which I ex- 
perimented. Under these circumstances 
the air used per indicated horse-power at 
the motor would be 520 cubic feet, or 
650 cubic feet per brake horse-power. I 
have the less hesitation in giving these 
hypothetical figures because the more im- 
portant imperfections of M. Popp's trans- 
mission system arise from such a very 
obvious cause. Nothing, indeed, can be 
easier than to point out various weak 
points in the arrangements adopted, and 
yet, in spite of all such somewhat cheap 
criticism, the fact remains that no one 
has yet carried out a compressed-air 
transmission with anything approaching 
to the same success on anything like the 
same scale. The fact is that the success 
of the system has been essentially due 
rather to the practical good sense with 
which the work has been carried through 
than to any special novelty in the meth- 
ods employed. The air-compressing ar- 
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rangements at St. Fargeau are in no re- 
spect novel or specially perfect ; they had 
been used over and over again before; 
there is no special advantage in M. Poppas 
rotary motor that may not probably be 
possessed by many other rotary motors; 
the larger motors are simply good ordi- 
nary steam-engines, such as can be bought 
any day in open market, used without 
the slightest alteration. Of the fan-meter 
it can only be said that it works well 
enough to allow progress to be made 
while it is being improved, and even of 
the coke stove one would not like to say 
very much more. The plan of heating 
compressed air before using it in a motor 
was first proposed many years ago. The 
great success which has attended the 
work in Paris has been attained because 
its directors have wisely chosen rather to 
set to work with imperfect apparatus, if 
only it were simple, fairly effective, and 
ready to hand, than to wait for the pos- 
sible invention of novelties and improve- 
ments, or to risk the success of their 
start by the use of any unknown or un- 
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tried apparatus, however promising its 
nature. They have had, moreover, the 
great advantage hitherto of being always 
asked for more air than they could sup- 
ply, so that their works have grown and 
increased simply to meet a growing and 
increasing demand, and (fortunately per- 
haps) the urgency of the demand has left 
them no alternative but to meet it by the 
very simplest possible means. 

I have already mentioned the great 
convenience and handiness which a com- 
pressed-air motor possesses. Prom the 
engineer's point of view these qualities 
are most striking. The engine starts, 
for instance, without the least hesitation 
even with full brake load on, directly the 
valve is opened, if the crank is just past 
the centre. This, of course, is impossible 
with a gas-engine, and hardly less impos- 
sible with any ordinary (single-cylinder) 
steam-engine. The absence of the heat 
and leakage, and of the noise and smell, 
which so often in greater or less degree 
accompany the smaller. steam or gas mo- 
tors, constitute a very much larger dif- 
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ference than could at first be thought 
possible. But from the consumer's point 
of view the advantages are even greater 
than from the engineer's. There is, 
first of all, the complete absence of dan- 
ger and of nuisance of every kind. There 
is then the great saving of space, even as 
compared with a gas-engine, and much 
more as compared with a steam-engine 
and boiler. There is reduction of insur- 
ance on account of the entire absence of 
fire risk. Not only this, but the air mo- 
tor seems to me completely to supply that 
most important industrial want, a motor 
suitable for *^ small industries,^^ that is, 
for work carried on in workmen's own 
houses, or in very small workshops. For 
here it is not only mechanically most 
suitable, but in the nature of things it 
can be made to cool or ventilate, by its 
exhaust, to any desired extent. The 
sanitary advantage of this, in cases where 
work is carried on in confined spaces, 
can hardly be exaggeiated. Even in a 
very large printing-office in Paris I found 
an almost unbearable atmosphere made 
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quite pleasant as long as the motor was 
working, by allowing a portion of the ex- 
haust to come into the room. 

By using air direct from the mains in 
the motor, or by heating it only very 
slightly, the exhaust air can be, of course, 
so greatly reduced in temperature as to 
be available for freezing purposes. In 
one Paris restaurant, for instance, which 
I visited, I found that the exhaust was 
carried through a brick flue into the beer 
cellar. In this flue the carafes were set 
to freeze, and large moulds of block ice 
were also being made for table use, while 
the air was still cold enough in passing 
away through the beer cellar to render 
the use of ice for cooling quite unneces- 
sary, even in the hottest weather. The 
nominal function of the engine in this 
case was the charging of batteries used in 
the electric lighting of the restaurant. 
The conjoint use of power and cold is 
common in Paris, the power being in this 
case generally applied in electric-light- 
ing. While in any large city such as 
Paris, it is no doubt a great point that 
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by a compressed-air system the handiest 
possible cooling appliances can be brought 
everywhere within reach, in tropical 
climates this is something rather of ne- 
cessity than of luxury. In such cases we 
might have the apparent paradox of a 
motor worked essentially for its exhaust: 
the work done would be a bye-product; 
the cold air would be the principal thing. 
In such a case, if there were no useful 
work to be done, the motor could even 
be made (as has been suggested to me) 
to pump air back into the main, and thus 
virtually to about halve its air consump- 
tion. This possibility of 'Maying on*' 
cold air in hot climates is, of course, a 
most important matter in connection 
with the future of compressed air. 
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engines 0.845. 



Table. 
Summary of Efficiencies of Compressed- 
air Transmission at Paris, 1889, be- 
tween the Central Station at St. Far- 
geau and a 10 Horse-poiver Motor 
working with Pressure reduced to 4^ 
Atmospheres, 

(The figures below correspond to mean results of two 

experiments cold and two heated.) 
1 indicated horse-power at Central Efficiency of main 

Station gives 0.845 indicated 

horse-power in compressors, cmd 

corresponds to the compression 

of 348 cubic feet of air per hour 

from atmospheric pressure to 

6 atmospheres absolute. (The 

weight of this air is about 25 lbs.). 
0.845 indicated horse-power in 

compressors deUvers as much 

air as will do 0.52 indicated 

horse-power in adiabatic expan- 
sion after it has fallen in temper- 
ature to the normal temperature 

of the mains. 
The fall of pressure in mains be- 
tween Central Station and Paris 

(say 3 miles) reduces the possi. 

bility of work from 0.52 to 0.51 

indicated horse-power. 
The further fall of pressure Efficiency of re 

through the reducing valve to 4^ 

atmospheres (5J atmospheres 

absolute) reduces the possibility 

of work from 0.51 to 0.50. 



Efficiency of com- 

0.52 
pressors - 



0.845 



0.61. 



Efficiency of trans- 
mission through 
0.51 



mains 



0.52 



= 0.98 



, , ,0.50 

ducing valve-—- 

0.51 

= 0.98. 
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The combined efficiency of the mains and 
reducing valve, between 5 and 4^^ atmos- 
pheres, is thus 0.98 X 0.98 = 0.96. If the 
reduction had been to 4, 3|, or 8 atmos- 
pheres the corresponding: efficiencies 
would have been 0.93, 0.89, and 0.85 re- 
spectively. 
Incomplete expansion, wire-draw- Indicated efflcien- 
ing, and other such causes re- 
duce the actual indicated horse- 
power of the motor from 0.50 to 
0.89. 



X 0.39 
cy of motor — 



By heating the air before it enters 
the motor to about 320 deg. Fahr., 
the actual indicated horse-power 
at the motor is, however, in- 
creased to 0.54. The ratio of gain 
by heating the air is, therefore, 
0.54 



0.39 



= 1.88. 



In this process additional heat is 
supplied by the combustion of 
about 0.89 lb. coke per indicated 
horse-power per hour, and if this 
be taken into account the real 
indicated efficiency of the whole 
process becomes 0.47 instead of 
0.54. 

Working with cold air the work 
spent in driving the motor itself 
reduces the available horse- 
power from 0.89 to 0.26. 

Working with heated air the work 
spent in driving the motor itself 
reduces the available horse- 
power from 0.54 to 0.44. 



= 0.78. 

Indicated efficien- 
cy of whole pro- 
cess with cold 
air 0.89. 

Apparent indicat- 
ed efficiency of 
whole process 
with heated air, 
0.54. 



Real indicated effi- 
ciency of whole 
process with 
heated air, 0.47. 



Mechanical effi- 
ciency of motor, 
cold, 0.67. 

Mechanical effi- 
ciency of motor, 
hot, 0.81. 
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Most of the compressed air in Paris is 
used for driving motors, but the work 
done by these is of the most varied kind. 
A list which I have gives the locality, 
use, and power of 225 installations, nearly 
all motors working at from ^ horse-power 
to 50 horse-power, all driven from St. 
Fargeau, and the great majority of them 
more than two miles away from it. In a 
number of cases the motor drives dynamo 
machines for electric lighting. In the 
offices of the Figaro and Petit Journal 
large motors are also used for printing, 
and there are many small printing estab- 
lishments also worked by compressed air. 
Among the smaller industrial purposes 
for which the air motors are used in Pa- 
ris, I find the driving of lathes for metal 
and wood, of circular saws, shearing- 
machines, drills, polishing-machines, and 
many others. They are used also in the 
workshops of carpenters, joiners and 
cabinet-makers, of smiths, of umbrella- 
makers, of collar-makers, of bookbinders, 
and naturally in a great many places 
where sewing-machines are used, both by 
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dressmakers^ tailors^ and shoemakers^ and 
from the smallest to the largest scale. 
They find application also in all sorts of 
industrial work,with confectioners, coffee- 
roasters, color-grinders, billiard-ball mak- 
ers, in many departments of textile in- 
dustry, and other matters too numerous 
to mention. 

I may mention one particular instance 
of variety of application which interested 
me much. At the " Montagues Russes ^' 
I found a large horizontal engine placed 
in a recess driving a dynamo and cells 
for the electric lighting of the whole 
building; a small vertical engine in an- 
other place worked the rotary pump, 
which actuated the " cascade ;^^ two or 
three large air-driven fans in wooden 
shafts served for ventilation ; and lastly, 
a simple connection on a flexible pipe 
threw the air-pressure into the beer-bar- 
rels as they were brought in, and trans- 
ferred their contents to a height from 
whiqh they could afterwards descend 
by gravity to the place where they were 
required. 
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As to the rate at which the compressed 
air is sold, I believe that in most of the 
larger installations the work is done by 
contract (at so much per lamp-hour in the 
case of the electric lighting), but in the 
smaller ones the air is charged for by 
meter. The rate of charge is 1.5 centimes 
per cubic metre (=8^ c. per 1000 cubic 
feet) for air used in motors and 2 cen- 
times per cubic metre (= ll^^c. per 
1000 cubic feet) for air used directly. 
Air used for raising fluids is charged ac- 
cording to quantity raised. The former 
rate is equivalent to 4.25d. (= 8.5c.) per 
1000 cubic feet (the volume in all cases 
being measured at atmospheric pressure). 
In addition to this, a fixed charge of from 
100 to 250 francs (= $20.00 to $50.00) 
is made for pipes and connections, and a 
small rent for the motor, if it be not 
bought outright. 
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THE TRANSMISSION AND DIS- 
TRIBUTION OF POWER FROM 
CENTRAL STATIONS BY COM- 
PRESSED AIR. 

By Prof. William Cawthornb Unwin, B. Sc., F.R.S., 
M. Inst. C. E. 

In 1888 the author communicated to 
the Institution a short paper on "The 
Transmission of Power to great distances 
by Compressed Air/^ * In that paper 
the loss of pressure in air-mains and the 
efficiency of transmission were discussed, 
it is believed, with more theoretical 
completeness than had before been at- 
tempted. It was not within the scope 
of that paper to deal with the efficiencies 
of compressors and air-motors, and in- 
deed at that time very little trustworthy 

* Minutes of Proceedings Inst. C.E., vol. xciii., p. 42U 
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experimental information was available 
as to the waste of work in air-machinery. 
However, for the purpose of examining 
the practical bearing of the general 
equations obtained, it was necessary to 
assume efl&ciencies for the compressors 
and air-motors, and some special cases 
of transmission of power were examined 
in detail. It may now be said that the 
assumptions made were not very inex- 
act, for such systems of compressed air 
distribution as were in operation at that 
time. In 1889 Professor A. B. W. Ken- 
nedy made careful experiments on the 
system at work in Paris. He has given 
a summary at the end of his paper of 
all the losses of work which he found to 
occur in one case which was completely 
investigated. Air compressed at the 
central station, St. Fargeau, to six at- 
mospheres (= 88.2 lbs. per square inch), 
was transmitted 5 kilometres (= 3.1 
miles), reduced in pressure to four and 
a half atmospheres (= 66.15 lbs. per 
square inch), and used cold in an air 
motor of about 10 H.P. It was found 
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that for 1 indicated H.P. expended in the 
steam-cylinder of the compressor, only 
0.26 effective or brake H.P. was obtained 
at the air-motor. That is, the combined 
efficiency of compressor, main, and motor 
was 26 per cent. Now, in the author's 
paper it had been calculated that with 
initial compression to 58. 8 lbs. per square 
inch absolute, and transmission a dis- 
tance of a mile, the combined efficiency 
of compressor, main, and motor might 
range from 0.33 to 0.39 according to the 
size of main adopted. These results 
are rather better than that found by 
Professor Kennedy in the case which he 
examined. There is little doubt, how- 
ever, that the air-motor experimented on 
by Professor Kennedy wasted power by 
leakage. 

During the last year or two the sys- 
tems of compressed-air distribution in 
Paris and Birmingham have been greatly 
extended, and similar plans for power- 
distribution in Dresden, Berlin, Vienna, 
Leeds and other towns have been pro- 
posed. Amongst the schemes submitted 



Digitized by VjOOQIC 



56 



to the International Commission for the 
utilization of Niagara, there were three 
in which the power was to be distributed 
by compressed air. Hence the indus- 
trial importance of this system may now 
be considered as fully recognized. 

Compressed air has often been used in 
transmitting power in mines and for 
tunnelling operations, where rough ma- 
chinery is generally adopted, and where 
economy of power is not very important. 
It is not surprising that in many such 
cases extremely imperfect compressors 
and air-motors have been used, which, 
although they did the work required, 
wasted power extravagantly. It is from 
such experiences that an opinion has 
arisen that the efficiency of compressed-air 
transmission is very low. Better results 
have been obtained in the large systems 
for distributing power by compressed air 
in Paris and Birmingham. But it has 
been somewhat unfortunate that the types 
of compressor at first adopted were 
not such as to yield a high efficiency, 
and that many of the air-motors also 
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were extremely bad. All the older com- 
pressors at Paris, and the large ones at 
Birmingham, are single-stage compress- 
ors, with very inadequate means of cool- 
ing the air during compression by water- 
jackets. At Birmingham the air is 
delivered into the mains at nearly 280" 
Fahrenheit, and practically the whole 
work expended in heating the air is 
wasted. 

Now it has been known for a dozen 
years at least that spray injection into 
the cylinder is more effective in cooling 
the air .than a water-jacket. There is 
also a much more powerful means of re- 
ducing the temperature of the air dur- 
ing compression. By compressing the 
air in two or more stages, and cooling it 
between the stages, the work expended 
in heating can be very greatly reduced. 
As early as 1881 the Norwalk Ironworks 
Company, Connecticut, U.S.A., con- 
structed compound compressors, with an 
intercooler, with great advantage. Quite 
recently compound compressors have 
been made for the Paris system from the 
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designs of Professor A. Kiedler, of Ber- 
lin, with the result that two thirds to 
three fourths of the work expended in 
uselessly heating the air in the older 
machines in Paris is saved. At the same 
time inyestigations have been carried 
out on the air-motors in use in Paris, 
which show that in the construction of 
these also a considerable increase of 
efficiency can be secured. 

In reconsidering the problem of dis- 
tributing power by compressed air, es- 
pecially in connection with the Niagara 
scheme, the author found nothing in 
the general method given in his previous 
paper which required revision. But the 
numerical results need correction in view 
of the improvements recently effected. 
Hardly any accurate experimental data 
were available two years ago. Now the 
very valuable treatise of Professor Eied- 
ler,* containing the results of observa- 
tions carried out in Paris, furnishes a 
mass of trustworthy experimental results, 

• Neue ErfahruDffen ttber die Kraftversoriruiig von 
Paris durch Dnickluft. Berlin, 1891. 
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both on the resistance of mains and the 
waste of work in compressors and air- 
motors. It appears worth while to re- 
examine the conditions of distribution 
of power by compressed air in the light 
of these new experiments. 

Loss OF Pbessubb in the Aib-mains. 

Hitherto information as to the resist- 
ance of air-maiiis has been scanty. The 
best experiments were those made by 
Mr. Stockalper on the pipes of the bor- 
ing machines at the St. Gothard Tun- 
nel. The new experiments carried out 
by Professor Riedler and Professor Gufc- 
ermuth on the air-mains in Paris are 
therefore of great value. The Paris 
mains are larger than any hitherto tried, 
and by coupling up different mains at 
night, a length of lOJ miles could be ex- 
perimented on. 

The main for the older Paris com press- 
ing-station consists of cast-iron pipes llf 
inches or 0.98 foot in diameter. It was 
laid partly in the sewers, which involved 
the use of many bends. Part of the 
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main in the Rue de Belleville is known 
to be leaky, and there are numerous 
draining-boxes, siphons, and stop-valves 
which cause resistance. In a more per- 
fectly arranged main, no doubt, the loss 
of pressure would probably be somewhat 
less than in this old one in Paris. In 
the following investigation Professor 
Eiedler's results are used, but the reduc- 
tions from them and the conclusions de- 
duced are the author's. The formula 
for the flow of air adopted is that given 
in the author's paper on '' The Motion 
of Light Carriers in Pneumatic Tubes.*'* 
Formula for the Floio of Air in Long 
Pipes, — Let D be the diameter and L 
the length of a pipe in feet; v the ve- 
locity of the fluid in feet per second; 
C the coefiicient of friction, and H the 
head lost measured in feet of fluid under 
the given conditions. Then if the fluid 
is incompressible. 



* Minutes of Proceedings Inst. C.E„ vol, xliii., 1876. 
Also article on Hydromechanics, Encyclopaedia Bri- 
tannica. Ninth Edition. Hydraulics, § 84, 
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^-'^2-g-D- 

This formula may be used for the flow 
of air in pipes, and indeed has been so 
used by Mr. Stockalper and others when 
the variations of pressure and density 
are small, so that mean values can be 
taken and the variations neglected. 
Professor Riedler uses this equation also, 
but with the artifice of dividing a long 
main into portions calculeatd separately 
— a method very cumbrous and not very 
accurate. 

When air flows along a pipe there is 
necessarily a fall of pressure due to the 
resistance of the pipe, and consequently 
the volume and velocity of the air in- 
creases going along tlie pipe in the 
direction of motion. The effect of the 
resistance is to create eddying motions, 
which, as they subside, give back to the 
air the heat equivalent of the work ex- 
pended in producing them. The result 



Digitized by VjOOQIC 



62 



is that, apart from conduction to exter- 
nal bodies, the flow is isothermal. Gen- 
erally, in compressed-air systems, the air 
is delivered into the mains at a tempera- 
ture above that of the surrounding 
earth. The excess of heat is parted 
with by conduction, and the temperature 
falls to that of the ground, but no lower, 
for there can then be no further loss of 
heat by conduction. 

Let P = the absolute pressure of the 
air in lbs. per square foot; 
T = the absolute temperature; 
G = the weight of the air per 

cubic foot in lbs. 
V = the volume of the air per 
lb. in cubic feet. 
Then 

PV = g = .T, . . (1) 

where c = 53.15 for air. Taking the 
temperature of 60° Fahrenheit, so that 
T = 461 + 60 = 521, 

cT = 53.15T = 27,690. . . (2) 
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If air is flowing steadily in a pipe, the 
same weight of air flows across every 
transverse section per second. Hence, 
if W is the weight of air flowing per 
second, fl the area of a cross-section, at 
which the velocity is Uy 

W = GQw = constant; . (3) 
combining (1) and (3), 

i2wP = cTW. . . (Za) 
Fig, 1. 
^ dl ^ 




A,A; 



Fig. 1 represents a short length dl of 
an air-main, between transverse sections 
A^, Aj. Let d be the diameter, £1 the 
cross-section, w the hydraulic mean radius 
of the pipe. Let P and u be the press- 
ure and velocity at A^, P -f c^P and 
u-\-du the same quantities at A,. Let 
W be the weight of air flowing through 
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the pipe per second. The units are feet 
and lbs. 

If in a short time dt the mass A^A, 
comes to A/A/, then A„A/ = w dt and 
A,A/ = (w + du) dt. 

By analogy with liquids, the head lost 
in friction, measured in feet of fluid, is 

ig m' 
Let H = jr—; then the head lost is 

m 
and since W dt is the flow through the 
space considered in the time dt, the work 
expended in friction is, 

m 
The change of kinetic energy in the 
time dt is the difference of the kinetic 
energy of A^A/ and A^^A/; that is, 

W 

^--ududt^^dB^dt. 
9 
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The work of expansion of D. u dt cubic 
feet of air to £l{u -\- dit) dt, at a pressure 
initially P, is £l^dudt. But from (3a) 

_cTW 

du _ cTW 
dV ■" /2P'"' 

and the work done by expansion is 

^-drdt. 

The work done by gravity is zero if the 
pipe is horizontal, and in most cases may 
be neglected without great error. The 
work of the pressures on the sections 

A„A, is 

Vnudt -- (P + dV)n{u + du) dt 
= - {Fdti + udF)ndt. 

But if the temperature is constant, 
Fu = constant, 
Fdti + 2idF = 0, 

and the work of the pressures is zero. 
Adding together the quantities of work 
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and equating them to the change of ki- 
netic energy, 

rTW H 

MfdRdt = - -^-dVdt - C- Wdldt 

P VI 

dR + ^c^P + Z-dl = 0, 
P m 

dR cT j^ ^ ^dl ^ ... 

But 

_cTW 

"" ~ T2P"' 

H ^ cTW" '^^ ^^m"^' 
For pipes of uniform section /2 and w 
are constant, for steady motion W is con- 
stant, and for isothermal flow T is con- 
stant. Integrating, 

For ^ = 0, let H = H, and P = P,, 
" I = L,let H = H, and P = P„ 
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where Pj is the greater and P, the less 
pressure. By replacing Hj, H, , and W, 

Hence the initial velocity in the pipe is 

P 

and when L is great, log — is compara- 

tively small compared with the other 
term in the bracket. Then 

For pipes of circular section m = —, 

where ^' is the diameter in feet. Let cT 
= 27,690, and let ;?„ jt?, be the pressures 
in lbs. per square inch. Then 

„. = / 1 223,900^^^!^> [ . {7a) 

This equation is easily used. In some 
cases tlie approximate equation 
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tf, = (^1.1319 - 0.7264^) |/f222,900p^) 

(^> 
may be more convenient. 

If the terminal pressure jo^ is required 

in terms of the initial pressure j»„ then 

If from a series of experiments C is to 
be found, 

C = 222,900-^ ilL-Zj^^ (10) 

Before proceeding to calculate the 
value of C from the experiments of Pro- 
fessor Riedler and Professor Gutermuth 
on the Paris mains, it is necessary to ex- 
amine the corrections to be made for 
leakage and the special resistances of the 
draining-boxes. 

Loss of Air by Leakage from the Main. 
— Special experiments were made by 
Professor Riedler and Professor Guter- 
muth to determine the leakage loss in 
portions of the old Paris main. These 
gave the following results : 
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Length in ) 
miks... ) 

Initial -] 
pressure ! 
inatmos- ( 
pheres . . J 

Terminal } 
pressure. ) 

Loss of] 
pressure I 
per hour ^ 
in atmos- 
pheres . . J 

Lossofair 
iu eu. ft. 
per hour, 
reckoned 
at atmos- 
pherie 
pressure. 

Loss of1 
air in cu- 
bic feet 
per mile 
perhour. 



I. 


II. 


III. 


IV. 


Southern Section. 
Central Works to PI. 
de la Concorde. 


1 


1^ 


1 

K 
£ 

1 




5.69 


10.69 


5.69 


10.69 


65 


6.9 


7.0 


6.7 


6.0 


5.9 


6.43 


5.82 


1.5 


1.5 


0.57 


1.82 


84800 


67000 


18000 


59000 


6080 


6270 


2285 


5520 



V. 



p e3 (D 

hi 

^8i 



0.87 



6.0 



5.0 



0.6 



2100 



VI. 



0.34 



6.1 



3.7 



0.56 



782 



2414 



2800 
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It is stated that during trials I, II, 
and IV considerable leakage was known 
to exist at the Central Station and the 
Rue de Belleville. In all the trials the 
air consumed by the clock system and 
some small motors not stopped is included. 
Reduced, as shown in the last line, the 
results are consistent if it is assumed that 
the leakage was really greater in the sec- 
tions included in I, II, and IV than in 
the other sections. 

Now, with an initial gauge-pressure of 
6 atmospheres and an initial velocity of 
30 feet per second, the main would deliver 
about 600,000 cubic feet of air per hour, 
reckoned at atmospheric pressure. Then 
the percentage of loss by leakage per mile 
per hour would be as follows : 





I. 


II. 


III. 


IV. 


V. 


VI. 


Per cent" 
of air lost 
by leak- 
age per 
mile per 
hour — ^ 


1.00 


1.05 


0.88 


0.91 


0.40 


0.38 
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Professor Eiedler believes tha in 
newer and better-laid mains the leakage 
is considerably reduced. In any case it 
appears that the loss is small and practi- 
cally can be neglected except in very long 
transmissions, at least when the main is 
delivering a full supply. It should be 
remembered, however, that the leakage 
is proportionately greatest in those hours 
when the pressure has to be maintained 
in the mains, but the demand for power 
is small. Where the demand for power 
is very variable this loss might become 
an appreciable factor. Looking to the 
uncertainty as to the amount and law of 
variation of leakage in different cases, it 
will be neglected in this investigation, 
taking the experiments above referred to 
as a proof that it is not a serious quantity 
even in the Paris installation, and that in 
newer mains laid with the experience now 
gained it would be still less importaut. 

Correction for Loss of Pressure at 
Draitmig-tanks. — In some of the mains 
experimented on by Professor Riedler 
there were draining-tanks at which 
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there was a sensible loss of pressure. The 
resistance at such a receiver must be an- 
alogous to the loss at a sudden enlarge- 
ment of a pipe, and we may therefore 
write, if Jft is the pressure lost, p the 
absolute pressure of the air, and v its 
velocity, 

where Cd is the coefficient of resistance 
to be determined by experiment. Some 
experiments were made by Professor 
Riedler on these draining-tanks. The 
following table gives the results and the 
calculated value of Cd: 



Absolute 
Pressure p. 


Velocity 

of Air in 

Main. 


Observed 
Loss of 

Pressure 
at One 

Draining 

tonk,3B5. 


Calculated 
Value of < a- 


Lbs. per 
Sq. Inch. 

104.6 
104.1 
84.1 
106.9 
102.0 


Feet per 
Second. 

19.5 

19.0 

28.5 

24.25 

18.25 


0.94 
0.95 
2.42 
2.14 
1.00 


0.00002863 
0.00002527 
0.00008543 
0.00003404 
0.00002943 


Mean . . 


. 0.00002956 
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These figures are fairly accordant, and 
the loss at each draining-tank may be 
taken as 

?e = 0.00003jt?z;\ . . (11) 

Experiments by Professor Riedler and 
Professor Outennuth on the Resistance 
of the Paris Air-Mains. — The old air- 
mains of Paris consist of cast-iron pipes 
30 centimetres = llj inches = 0.98 foot 
in diameter. It was on these that the 
experiments were made. For the new 
station wrought-iron pipes of 30 inches 
diameter are being used. The import- 
ance of these experiments lies chiefly in 
the large scale on which they were carried 
out. The volumetric efficiency of the 
compressors was first determined. Then, 
at different points on the pipe-line, the 
pressure was observed when the compres- 
sors were running at known speeds. On 
Sundays the whole pipe-line could be 
coupled up, all work in the city being 
stopped. The air then passed through 
the southern main and back by the 
northern main, a distance of 10 miles. 
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The main is somewhat complicated^ hay- 
ing been constructed piecemeal during 
the gradual extension of the enterprise. 
In the 10-mile length there are four 
draining-tanks, twenty-three draining- 
traps or siphons, and forty-two stop- 
valves. The resistance of these is in- 
cluded in the observed results. It ap- 
pears, however, that the most serious 
additional resistance was that of the 
draining-tanks, and as special experi- 
ments were made on these, their resist- 
ance can be estimated with very approxi- 
mate accuracy and allowed for. 

The following table gives the results 
of the experiments reduced to English 
measures. The columns marked with an 
asterisk are those taken directly from 
Professor Biedler^s Tables. The others 
are deduced from his figures. 

The last column gives the values of C 
calculated by equation (10). 

It will be seen that the values of C are 
fairly consistent, considering the difficul- 
ties of the observations. The discrepan- 
cies are irregular, and obviously due to 
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Air-Main. 












Volume 


Volume 








1 


of Air 


of Air 


Initial 
Velocity 

in 
Feet per 
Second 

Vi. 






i Correct- 


passing^ 
per Sec- 


per Sec 
end at 




No. 


1 ed Value 


ond reck- 


Initial 


i 




;ofp,-Pa 


oned at 
Atmos- 
pheric 


Pressure 
in Cubic 








Pressure 


Feet. 










in Cubic 












Feet. 








I. 


20.45 


135.0 


18.62 


24.69 


0.00229 


II. 


27.15 


135.5 


17.42 


23.09 


0.00316 


III. 


14.04 


109.2 


13.44 


17.82 


0.00280 


IV. 


6.66 


79.1 


10.04 


13.31 


0.00255 


V. 


3.98 


64.5 


8.29 


10.99 


0.00229 


VI. 


3.45 


98.6 


13.48 


16.55 


0.00327 


VII. 


2.08 


66.4 


8.17 


10.83 


0.00449 


VIII. 


7.17 


135.5 


17.42 


23.09 


0.00345 


IX. 


5.06 


109.2 


13.44 


17.82 


00397 


X. 


2.40 


109.2 


15.60 


20.68 


0.00214 


XI. 


2.63 


79.1 


10.34 


13.71 


0.00184 


XII. 


0.50 


79.1 


10.79 


14.31 




XIII. 














2.89 


84.2 


10.86 


14.40 


0.00365 


XIV. 














1.66 

1 


89.3 
Mean . . 


12.12 


16.06 


0.00181 


0.00290 




t some en 


or of obs 


j^rvation 


or recorc 
To faci 

igitizedby VjC 


I. 

5 p. 74. 

)ogle 
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inconsistencies in the data of the experi- 
ments. For instance^ experiments XIII 
and XIY were made on the same main at 
nearly the same initial pressure. In XIV 
the velocity was sensibly greater than in 
XIII^ but the loss of pressure is much 
greater in XIII than in XIV. 

Professor Riedler appears to belieye 
that his experiments on the Paris main 
show that the friction of air in pipes is 
considerably less than it was believed to 
be from the results of earlier experiments 
on a smaller scale. The author does not 
think that this is so^ but that^ on the 
contrary, when properly reduced they are 
consistent with previous results, and that 
all the known experiments fairly support 
each other. In a paper on the Coefficient 
of Friction of Air flowing in long pipes,* 
it was shown that Mr. Stockalper's ex- 
periments gave the following results : 

i = 

Mean for 0.492-foot pipe 0.00449 

0.656.foot pipe 0.00877 

* Minutes of Proceedings Inst. C.E., vol. Ixiii. p. 299. 
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These experiments, as well as some 
others given in that paper, show that the 
value of Z for air as well as for water de- 
creases as the size of the pipe is larger. 
Though experiments on the flow of air 
are not numerous enough to furnish any 
very trustworthy law, the author gave in 
1880 the following expression for the 
value of Q: 

C = 0.0027(1+^-1^,). 

This gives the following values for Q, 

i = 

Pipe 0.492 foot diameter 0.00435 

' 0.656 '♦ '• 0.00393 

" 0.980 *• " 0.00351 

which are only a little different from 
those deduced from Stockalper's and 
Kiedler^s experiments. 

Bounding off slightly the mean of 
Professor Eiedler's results, it will be as- 
sumed in the remainder of this paper 
that, for air flowing in pipes of not less 
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than 1 foot diameter, Q = 0.003. Putting 
this value in equations (7a) and (9), 

n,= i/\ 74,300,000^ 1^'^i^ \ (12) 

Loss of Pressure per Mile of Pipe.— 
In order to indicate what kind of results 
this formula leads to, the following cases 
have been calculated: 

1. Given the diameter of the pipe, and 
the initial pressure and velocity of the 
air entering the main, it is required to 
find the loss of pressure in 1 mile of 
transmission. By simple transposition, 
putting L = 6280, 

Assuming initial velocities of 25, 50, 
and 100 feet per second, and initial press- 
ures of 50, 100, and 200 lbs. absolute, the 
following values are obtained : 
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1' 


Values of Terminal 
Pressure p,, when 


Percentage 

of Initial 

Pressure 

lost in 

One MUe. 


Pi = 50 


p, = 100 


P,=aoo 


Feet. 


Feet 

per 

Second. 










1.0 


25 
50 

100 


48.8 
45.3 
26.9 


97.7 
90.6 
53.8 


195.4 
181.2 
107.6 


2.4 

9.4 

46.2 


3.0 


25 

50 
100 


49.4 

47.7 
40.1 


98.9 
95.4 
80.3 


197.8 
190.8 
160.6 


1.2 

4.6 

19.8 



The percentage of pressure lost in a 
mile is the same whatever the initial 
pressure. It must not, however, be as- 
sumed that the loss in 2 miles is double 
the loss in 1 mile. The velocity in- 
creases and the density diminishes going 
along the main. 

It is clear that when the velocity ini- 
tially in the main exceeds 50 feet per sec- 
ond, the loss of pressure becomes serious 
even in a distance of a mile. How far 
that involves a loss of efficiency will be 
considered later. 

2. Another mode of looking at the 



Digitized by VjOOQIC 



79 

question is interestipg. Suppose the per- 
centage loss of pressure is assumed and 
the initial velocity calculated. In the 
following table this has been done for 
transmissions to distances of 1, 5^ 10^ and 
20 miles. 





III 

50.S 


Initial Velocity v, when the percentage 


1 


24 


5 10 


20 


1 


jl 
2 


16.7 
23.7 


26.3 
37.3 


37.0 52.5 

52.4 1 71.18 


73.1 
100.6 


5 


\i 


7.5 
10.6 


11.8 
16.6 


16.5 
23.3 


23.5 
33.2 


31.8 
44.9 


10 


u 


5.3 

7.4 


8.3 
11.7 


11.3 
15.9 


16.6 
23.4 


22.5 

31.8 


20 


\i 


3.7 
5.4 


5.9 
8.3 


8.3 
11.7 


11.8 
16.6 


16.0 
22.6 



Transmission is possible to the longest 
distances here assumed at velocities not 
impracticably low, with losses of pressure 
which would not hinder efficient use of 
the air. 
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AonOK OF THB Ant-OOMPBBSSOBS. 

When an air-compressor is driven by 
a steam-engine there is a difference be- 
tween the work done by the steam and 
the work done on the air, due to the 
work expended in friction of the mechan- 
ism and measured by the difference of 
area of the indicator-diagrams of the 
steam-cylinder and compression-cylinder. 
If the compressor is driven by water- 
power there will also be a corresponding 
loss in friction of the mechanism, prob- 
ably not widely different in amount. It 
will be sufl&cient here to consider a com- 
pressor driven by steam. 

Let U be the work expended, measured 
on the steam-cylinder indicator-diagi-am, 
and Uj the corresponding work shown on 
the compressor-cylinder diagram. Then 
if 77, is the efficiency of the mechanism, 

u. = '^.U. 

It is convenient at present to take U and 
U, to be the work in foot-pounds per 
pound of air compressed. In Professor 
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Kennedy's tests of some of the older 
compressors at Paris it appeared that 
tf^ = 0.845. Experiments by Professor 
Gutermuth on the new Riedler com- 
pressor gave T/j = 0.87, a result not widely 
different. 

In all compressors there are some losses 
of work due to clearance, to imperfect 
action of the valves, to leakage, and to 
other causes. But unless the machine 
is badly constructed these need not be 
large. If the air is compressed to a 
pressure above that in the mains — as has 
happened in some cases — there is a loss, 
for the unbalanced expansion uselessly 
heats the air; but this again can be kept 
within narrow limits if the valves act 
promptly and properly. The chief loss 
of work in compressors is due to useless 
heating of the air. It is not, of course, 
impossible that some of the heat thus 
generated should be usefully employed. 
But to make use of it would involve 
complications. It is said that in Bir- 
mingham, where the distance of trans- 
mission is not great, some of the heat 
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reaches the motors^ and then there is an 
economy in the amount of air used. 
But practically in most cases heat given 
to the air in the compressor is in fact 
wasted before the air is used for motive 
purposes. A perfect compressor for 
power distribution would be one in which 
the air taken in at atmospheric pressure 
jOa should be compressed isothermally to 
an absolute pressure p^ equal to that in 
the mains at the compicS'^ing station, 
and then delivered into the mains with- 
out valve-resistance. 

Such a machine working without fric- 
tion, or clearance, or valve-losses, would 
require for each pound of air compressed 
an amount of work given by the equation 

U, = PaVa log. 1-^ foot-lbs.. 

Fa 

where P^ is the atmospheric pressure in 
lbs. per sq. ft., and V^ the volume of 
1 lb. of air at that pressure. 

If, as hitherto assumed, the initial 
temperature of the air is 60° Pahr., 



U, = 27,690 loge^. 

Pa 
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Fig. 2 shows the indicator-diagram of 
such an engine. OADE is the work 



Action of Compressor. 

done by the atmosphere on the piston in 
the suction stroke. OBCDA is the work 
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done on the air in the compressing stroke, 
the compression-curve DC being a com- 
mon hyperbola. The work expended in 
compression is therefore the shaded area, 
EBCD. 

If the air were compressed without any 
cooling during compression, the com- 
pression-curve would be an adiabatic, 
such as DP. The work expended in 
compression would be the area BFDE. 
Consequently in that case the area CFD 
would represent the work expended in 
useless heating of the air. This is easily 
calculated, for it can be shown that the 
work expended per pound of air in adia- 
batic compression is 

Putting y = 1.408 and PaVa = ^^,690 
as before, 

U/ = 9M58[(^j""-l]. (15) 

If % = Uj/Xr/, then rj^ may be termed 
the efficiency of the compressing process. 
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Eor simple adiabatic compression, neg- 
lecting clearance and friction losses. 



»?,= 



Va 



3.44 



ar-]' 



This may be called the theoretical value 
of ^.. 







Pl 


Theoretical 


Pl 


Pa 


Pa 


Value of 1),. 


44.1 


14.7 


8 


0.86 


78.5 




5 


0.78 


102.9 




7 


0.74 


147.0 




10 


0.70 



It is clear, therefore, that if the air is 
Bot cooled during compression the effi- 
ciency of the process decreases as the 
pressure to which the air is compressed 
is greater. Now in most cases the cool- 
ing arrangements are very imperfect, and 
the compression is nearly adiabatic. Con- 
sequently there has been reluctance to 
use high initial pressures, and this dimin- 
ishes the facility for distributing power 
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by compressed air. As the other losses 
besides that due to heating are serious, 
the whole efficiency of the compressor is 
considerably less than the yalues calcu- 
lated above. 

Fig. 3 shows an actual diagram from 
one of the best of the older CoUadon 



CoLLADON Compressor. 

ReyolutioDs, 104; work wasted, 38.15 per cent of 

useful work. 

compressors. The shaded area BODE is 
the useful work of compression, U, cor- 
responding to the area EBCD in Fig. 2. 
The thick line is the actual indicator- 
diagram. It will be seen that the actual 
diagram is 38.15 per cent larger than the 
isothermal diagram for the volume of air 
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admitted, the difference being due partly 
to the waste of work in heating the air 
and partly to valve-resistance, causing a 
loss of pressure in the suction-stroke and 
an excess pressure during delivery into 



CocKERiLL Compressor. 

the mains. In this case tf^, measured 
from the diagram, is 0.72. In several 
compressors tried by Professor Riedler, 
the loss of work in the compressing pro- 
cess was twice as great as in this case. 
Fig. 4 shows a similar diagram for one of 
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the Cockerill compressors at Paris. The 
excess work here is 40.2 per cent of the 
useful work, and consequently tf^ = 0.70. 
Obviously, part of this loss can be saved 
if the air is cooled during compression, 
and all compressors are provided with 
some means of cooling. Very generally 
a water-jacket to the compressing cylinder 
is used, but the action of this is very im- 
perfect. At Birmingham, although the 
compressors are well water- jacketed, and 
though the pressure is only 45 lbs. 
(gauge), the temperature of the air de- 
livered is about 280°, The area of sur- 
face of the cylinder is small compared 
with the volume of air compressed, and 
air parts with heat to a metal surface 
slowly. Spray injection into the cylinder 
answers much better in keeping down 
the temperature. But it is believed that 
the result is partly deceptive, the cooling 
going on after the air is completely com- 
pressed, so that the compression-curve is 
hardly so much flattened as might be 
expected from the temperature at which 
the air is delivered. 
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The only remaining means of reducing 
the loss of work by heating is to compress 



Action of Compound Compressor. 

in two or more stages, and cool the air 
thoroughly between the stages. This in- 
termediate cooling can be easily effected, 
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the air being taken through tubular ves- 
sels presenting any amount of cooling 
surface that may be required. 

In Fig. 5, EBCD is the diagram of 
isothermal compression as before. DF is 
an adiabatiC; so that in single-stage com- 
pression, without cooling, CDF represents 
the work lost in useless heating. Now 
let it be supposed that the compression 
is eflfected in two stages. In the first 
stage, no cooling being assumed, the 
work lost will be the area HKD. But 
the air is then cooled to its initial tem- 
perature, and the volume shrinks from 
LK to LH. H is a point on the isother- 
mal DC. During the second stage HG- 
is the adiabatic compression-curve, and 
CGH the work wasted in heating the air. 
It can now be seen that the effect of the 
intermediate cooling is to reduce the 
work expended in compression by the 
area GFKH a very material quantity. 

It is this stage-compression with inter- 
mediate cooling, and with spray-injection 
also, which Professor Riedler has adopted 
in the new compressors for Paris, with 
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marked increase of efficiency. Fig. 6 
shows an actual diagram from one of the 
Eiedler compressors, and it will be seen 
that the excess compression is only 12.07 



RiBDLER Compressor. 

Revolutions, 45; wasted work, 12.07 per cent of 

seful uwork. 

per cent, so that in this case tf^ has the 
high value 0.89. 

In using air for transmitting power it 
is important, with a view of diminishing 
the size of the mains, to adopt high 
initial pressures, and it is the inefficiency 
of the compressing process in ordinary 
machines which has hitherto prevented 
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the adoption of such pressures. Pro- 
vided the efficiency of the compressors 
can be increased, much greater pressure 
loss can be permitted in the mains, and 
consequently much smaller mains will 
suffice to transmit a given amount of 
power. 

Professor Kiedlbr and Professor 
Gutermuth's Experiments on 
THE Efficiency of 
Compressors, 
If, as above, Uj = t^JJ is the work ex- 
pended in compression after deducting 
the friction of the mechanism, and 

U, = 27,690 log, ^' 

is the useful work done in compression, 
then 

V, = TJ,/U, = TJy77,U 
is a coefficient of efficiency of the com- 
pressing process, which includes both the 
waste of work in useless heating and any 
losses due to clearance, valve resistance, 
etc. 

Professor Eiedler has obtained a series 
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of indicator-diagrams from different com- 
pressor cylinders. On these he has drawn 
an ideal isothermal diagram without 
clearance or valve-losses and for com- 
pression to the pressure in the main. 
The excess of area of the actual diagram 
over the ideal diagram is the work wasted 
in the compressing process, and from this 
Tf^ is easily calculated. The following 
table gives a series of such results : 
Efficiency ^a of Compression. 



Type of Compressor. 



Colladon, St, Gothard. .. 



Sturgeon ... , . . . . 

Colladon 

Slide-valve compression. 

Paxman 

Cockerill 

Riedler two-stage 



Pressure in 
Main, pj. 



Lost Work 

in Per Cent 

of Useful 

Work. 



105.0 
92.0 
94.3 
38.15 
49.3 
42.7 
40.2 
12.07 



0.488 
0.521 
0.515 
0.722 
0.670 
0.701 
0.713 
0.892 



The table shows how very low is the 
eflSciency of some of the older compres- 
sors. Even in the compressors in Paris 
with single-stage compression tj^ = 0.70. 
Hence, if the friction of mechanism is 
taken account of, and ^, is put at 0.85, 
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the resultant efficiency is 0.85 x 0.70 
= 0.595, or less than six-tenths of the 
indicated work in the steam-cylinder is 
usefully expended in compression. The 
Biedler two-stage compressor gives a 
much better result. Taking ;;, = 0.87, 
its efficiency is 0.77. 

Professor Eiedler has given some other 
figures, not based as the above are on the 
measurement of single diagrams, from 
which the efficiency of the Paris com- 
pressors can be calculated in a more 
trustworthy way. The following data 
are given as the result of a series of ex- 
periments with each compressor: 



For each Indi- 
cated Steam H.P. 



Type of Compressors. 



Pazman machine (Sturgeon com- 
pressors) ... 

Cockeriil machine (Dubois Frangois 
compressors) 

Riedler machine (two-stage com- 
pressors) 
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Prom these figures the following are 
calculated: 
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Paxman... 


1,980,000 


20.24 


97,830 


53,920 


0.551 


0.86 


0.648 


Cockerill... 




22.91 


86,340 




0.624 


0.85 0.785 


Riedler 




28.06 


70,550 




0.764 


0.87 0.898 











These results agree well with those 
obtained above in a different way. 

Action of the Air-motors. 

An air-motor is simply a reversed air- 
compressor. Hitherto the conditions of 
eflBciency in air-motors have received very 
little attention. In Paris many of those 
used are of small size, and in these a 
good efficiency is not to be expected. 
The best results have been obtained thus 
far by adapting old steam-engines to 
work as air-motors, and this can be done 
at very little trouble. It is specially 
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desirable that in an air-motor the cylin- 
der-clearance should be small or the 
compression sufficient. Probably the 
greatest source of avoidable waste in air- 
motors has been leakage at the piston. 
In a steam-engine^ the condensation on 
the cylinder-wall helps to render the 
piston tight. In an ordinary air-engine 
the cylinder-surface is more or less dry, 
and the waste with air from leakage at 
even small apertures is very great. 

A considerable economy can be secured 
by reheating the air in a simple form of 
stove before admitting it to the engine. 
At first sight this seems a complication 
likely to involve as much trouble as a 
steam-boiler. That, however, is not at 
all the case. The reheating appliances 
are extremely simple, there is no risk of 
explosion, and the amount of heat which 
it is desirable to give to the air is insig- 
nificant compared with that required in 
raising steam. Professor Riedler tried 
an old 80-H. P. steam-engine in Paris 
which had been adapted to work as an 
air-motor, and which was actually giving 
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72 indicated H. P. with compressed air 
at 5i atmospheres pressure. It was 
using ahout 31,000 cubic feet (reckoned 
at atmospheric pressure) or about 2376 
pounds of air per hour. This air was 
heated to a temperature of about 300^ 
Fahrenheit by the expenditure of only 
15 pounds of coke per hour. On a 
favorable assumption a steam-engine 
working to the same power would have 
required ten times this consumption of 
fuel at least. Reheating the air has the 
practical advantage of raising the tem- 
perature of exhaust of the motor, and 
for the amount of heat supplied the 
economy realized in the weight of air 
used is surprising. The reason of this is 
that the heat supplied to the air is used 
nearly five times as eflBciently as an equal 
amount of heat employed in generating 
steam. 

In certain cases the air-motor cylinder 
has been jacketed by hot air. This in- 
creases again the amount of work ob- 
tained per pound of air used. It can 
hardly be considered a thermodynami- 
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cally advantageous process^ but it may 
have advantages practically in raising 
the exhaust-temperature. Lately in some 
oases water has been injected in small 
quantity into the air while passing 
through the reheating stove. This passes 
into the engine as steam. It condenses 
during the expansion, yielding latent 
heat to the air, and thus raising the 
temperature of exhaust. Whether it is 
Advisable from a purely thermodynamic 
point of view may be doubted, but it 
seems to have practical advantages possi- 
bly in lubricating the cylinder and pre- 
venting leakage. When steam is em- 
ployed in this way the expansion curve 
rises above the adiabatic and becomes 
nearly an isothermal. The^ steam may 
amount to about 5 per cent of the weight 
of air used. 

Useful Work doitb by an Aib-motob. 

Let the air be delivered from the main 
to the air-motor at the pressure P, in 
lbs. per square foot, or p^ in lbs. per 
square inch. First let it be supposed 
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that the air is used in the motor cold, 
its temperature being taken at 60"* 
Fahrenheit and its volume in cubic feet 
per lb. being V,. Expanded adiabati- 
cally in an engine down to atmospheric 
pressure, /?«, the work done would be in 
foot-lbs. per lb. of air. 

= 95,458[l-(|?)'''']. . (16) 

The actual work obtained in any given 
motor using air cold will be less than this 
in consequence of incomplete expansion, 
valve resistance, clearance, leakage, and 
other losses. Let the actual work shown 
on the indicator-diagram of the air-motor 
beU,. Then if 

17, is the efficiency with which the fluid 
is used in the particular air-motor, a co- 
efficient which must be determined by 
experiment. 
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Second. Let it be supposed that the 
air^ arriving in the main with the tem- 
perature T, (absolute)^ is reheated to a 
temperature T, before being used in the 
motor. As it is reheated at constant 
pressure, the amount of heat to be given 
to each lb. of air is 183.45 (T, - T.) 
foot-lbs., or 0.2377 (T, - T,) thermal 
units. Then the work of adiabatic ex- 
pansion from a pressure p^ to atmospheric 
pressure pa will be 

= 9M54.[i-|)""]..(n) 

Generally the work shown by the indica- 
tor-diagram of any engine will be less 
than this, for the causes mentioned above, 
and if ;;, is the efficiency with which the 
motor uses the fluid, the indicated work 
will be 

U/ = r,,TJ,\ 

There is no reason for expecting tj^ to be 
different in this case from what it was in 
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the previous one, unless hot-air jacketing, 
or steam injection, is used. In that case 
77, will be larger, and may be taken to 
include the additional work due to heat 
supplied during the stroke. 

There is yet one more source of loss in 
the motor, the friction of the mechanism. 
If 77^ is the efficiency of the mechahism, 
then 

U, = ^,U„ or 77,U/, 

is the effective or brake work of the 
motor per pound of air used. 

Experiments on Air-motors by Pro- 
fessor Riedler and Professor Gutermuth. 
— In the following tables some of the ex- 
periments are quoted, together with the 
work per pound of air and the values of 
77, and 77^. When Professor Riedler does 
not give the indicated, but only the brake, 
H. P. of the motor, it will be assumed 
that 77^ = 0.85 in order to calculate a 
probable value of 773 . 

It will be seen that in the older small 
motors the efficiency with which the fluid 
is used ranges from 0.37 to 0.44, which 
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perhaps, considering the kind of motor, 
is a good result. In the later machines, 
arranged to work expansively, the effi- 
ciency ranges from 0.58 to 0.87, results 
remarkably good for motors so small. 
The coefficients are rather higher with 
reheated air, showing that the work done 
is increased even in a rather higher ratio 
thanTyT,. 

Some other experiments on small mo- 
tors may be passed over in order to con- 
sider some experiments on an old Farcot 
steam-engine, with Corliss valves, which 
had been converted for use as an air- 
motor. 

This engine was nominally of 80 H. P., 
and worked at 72 indicated H. P. in the 
trials. In all cases the air was reheated 
before use to about 300° Fahrenheit. 
The cylinder was also jacketed by the 
hot air on its way to the cylinder-chest. 

The efficiency is therefore 0.81, an ex- 
tremely good result. 

Of all the work obtainable by the 
expansion of one pound of air received 
at 95.5 lbs. per sq. in., and at a tempera- 
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ture of 300° Fahrenheit, four fifths is 
obtained as effective work on the brake. 
However, part of this work recovered is 
borrowed from the hot air before admis- 
sion to the cylinder and given back to it 
by the jacket. That the jacket consid- 
erably affected the working during ex- 
pansion is shown by the temperature 
during exhaust. The following table 
gives the temperatures the air would 
have reached by adiabatic expansion, and 
the actual temperatures of the exhaust 
in the experiments above: 



Initial 
Temperature. 


Final Tempera- 
ture for Adiabatic 
Expansion. 


Actual 
Final 
Tem- 
pera- 
ture, 
Fahr. 


Increase 
of Tem- 
perature 
of Ex- 


Fahr. 


Abso- 
lute. 


Fahr. 


Absolute. 


haust 
due to 
Jacket. 


264 
805 
820 
838 


725 
766 
781 
799 


- 75 

- 58 
-45 
-85 


886 
408 
416 
426 


: 


h 70 

- 84 

- 95 
-120 


145 
187 
140 
165 
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Pbactical Calculations on the Dis- 
tribution OF Power bt 
Compressed Air. 

It will be convenient first to give a 
summary of the formulas required in 
settling a system of compressed-air dis- 
tribution, and afterwards to discuss some 
special cases. 

Let Po be the pressure in lbs. per sq. ft.^ 
Pa the pressure in lbs. per sq. 
in., Vo the volume of a lb. in 
cu. ft., Ta the absolute temper- 
ature of air admitted from the 
atmosphere to the compressor. 
Pj , jt?! , Vj , T, the same quantities 
for air discharged from the 
compressor into the main. 
Pa, ^2, Vj, Tj the same quantities 
for air arriving at the point of 
consumption in the main. 
U =r indicated work done by the 
steam on the piston of the com- 
pressor reckoned in H. P. 
T^i = Vj^ = corresponding indicated 
, work in the compressor cylinder. 
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XJg = /^glJ, = useful work of com- 
pression, or work of isothermal 
compression from p^ to p^ . 
U3 = available work of air arriving 
at the motor, or work of adia- 
batic expansion from p^ to pa . 
TJ^ = 773U3 = indicated power of the 

air-motor. 
Ug = vS^^ = effective or brake work 

of the air-motor. 
Taking P^ = 2116.3, p^ = 14.7, V^ = 
13.09, T« = 521°. 

P,Va = 27,690. (1) 

If W lbs. of air are compressed per 
second by U horse-power in the steam- 
cylinder corresponding to U, indicated 
horse-power in the compressor-cylinder, 
then, allowing both for friction of me- 
chanism and clearance, leakage, and 
other losses in compression, 

55077,7,U = 27,690W loge^. 

Pa 

w = -M£_. . . (2) 

50.3 log.^'- 

Pa 
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When by conduction in the main the 
air is at its initial temperature Ta , 

P^V, = 27,690, 

;?,V, = 192.3. . . . (3> 

If v, is the initial velocity of the air 
in the main, the diameter of which in 
feet is dy 



"L^v, = WV, = 192.3W/;?, , 

d = 15.64i/— . . . (4) 

The pressure falls in a main of length 
I in feet from p^ to jo,, the amount being 
given by the equation 



^'"-^ (^"74,300,000^ f- . (5) 



The available work of the air arriving at 
the motor with the pressure 'p^ at atmos- 
pheric temperature T« is, if it is used 
without reheating, in H.P., 
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= 173.5Wri - (^^'^1. . (6) 

If reheated to T, before admission to 
the motor, 

U,' = 173.5w|£l.-(|^)'''*]. (7) 

Indicated work of motor 

= U. = v.U (8) 

Brake or effective work of motor 

= U. = v.U (9) 

Values assumed for the Coefficients of 
Efficiency/. — It appears that the efficiency 
of the mechanism of compressors is from 
0.85 to 0.87. In the following calcula- 
tions it will be assumed that r/^ = 0.85. 
As to the efficiency of the process of 
compression, this varies greatly with the 
type of compressor. In some of the 
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older single-stage compressors it is as low 
as 0.5. But taking the best of those 
tried by Professor Kiedler and slightly 
rounding off the values. 

For single-stage compressors, 77, = 0.7. 
** two-stage " 77, = 0.9. 

The loss in the main must be calculated 
for each special case. 

For the air-motors, as it is not in- 
tended to discuss the use of air on a 
small scale, it will be assumed that 
tf^ = 0.85 and tj^ = 0.9. These values 
are slightly below those obtained in the 
experiments, and the results should there- 
fore be such as are practically realizable 
in ordinary work. 

Case 1.-10,000 H. P. is to be trans- 
mitted a distance of 2 miles. Taking 
ff^ = 0.85 and tj^ = 0.9 (two-stage com- 
pression) the useful work of compression 
will be 7650 H. P. Now, let the air be 
compressed to 4, 8, and 12 atmospheres 
on the gauge, then the weight of air 
compressed will be as follows : 
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Case I. 


Initial Qauge 

Pressure. 
Atmospheres 


Initial Pressure 

Lbs. per 

Square Inch. 

Absolute. 


Pi 
Pa 


Weight of Air 

CJompressed 

in Lbs. per 

Second = W. 


a 

b 


4 
8 
12 


78.6 
132.8 
191.1 


5 
9 
18 


94.64 
69.10 
69.29 



To ascertain suitable diameters for the 
main, let initial velocities of 30, 50, and 
75 feet per second be assumed. For 
these velocities, and in the cases de- 
scribed, the diameters required will be 
as follows : 



CaseL 


Initial Press- 
ure. Lbs. per 
Square Inch. 
Absolute. 


Initial Velocity 

in the Main. 

Feet per 

Second. 


Diameter of Main. 


In Feet. 


In Inches. 


a 

b 

c 


78.6 
182.8 
191.1 


(80 
^60 
(76 

(30 
^60 

(76 

(80 
76 


8.23 
2.60 
2.05 

2.06 
1.60 
1.81 

1.69 
1.28 
1.01 


89 
30 
26 

26 
19 
16 

19 
16 
12 



None of these mains are impracticable 
in size, and for the higher pressures and 
velocities they are surprisingly small, 
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considering that they are shown to be 
capable of transmitting 10,000 indicated 
steam H. P. a distance of 2 miles. It 
remains to examine whether the loss of 
pressure is serious. 



CaMl. 




111 
111 



I 



I- 
H 

5s 
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78.6 
132.3 
191.1 



(80 

50 

(75 

(80 

50 

175 

(80 

{50 
75 



8.23 
2.50 
2.05 

2.00 
1.60 
1.81 

1.59 
1.28 
1.01 



72.0 
68.0 
58.2 

129.4 
116.6 
91.1 

183.4 
161.7 
115.4 



2.0 

7.4 

21.0 

2.0 
11.9 
31.1 

4.0 
16.3 
89.6 



None of these losses would render the 
utilization of the power impossible, and 
it is only at the highest pressures and 
velocities that the fall of pressure is 
serious. 

Lastly, the power developed at the air- 
motor due to 10,000 indicated steam 
H. P. in the compressor has to be calcu- 
lated. The air being delivered at a 
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distance of 2 miles, and used cold, the 
H. P. obtained will be as follows : 





Ill 


Press- 
olute. 


H. 

8 .•§ 






Case I. 


ii 


1 1 




i 








( 72.0 
i 68.0 
j 58.2 


80 


5,146 


4,631 


a 


73.5 


60 


4,998 


4,498 






75 


4,596 


4,186 






129.4 
i 116.5 
( 91.1 


SO 


4,785 


4,806 


6 


182.8 


50 


4,600 


4,140 






75 


4,177 


8.759 


t 




188.4 

< 161.7 

115.4 


30 


4,546 


4,091 


c 


191.1 


60 


4,376 


8,938 






75 


3,934 1 8,540 



It is very striking how little the effi- 
ciency is affected by considerable changes 
in the initial pressure and velocity in the 
mains; with the exception of two cases, 
for 10,000 steam indicated H. P. expended 
at the compressor there is obtained from 
4400 to 5100 indicated H. P. at the air- 
motor. That is to say, the efficiency of 
the whole arrangement, compressor, main, 
and air-motor, when the air is used cold, 
ranges from 44 to 51 per cent, and that 
with mains of quite moderate size. 
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If the advantage of reheating at the 
motor is resorted to, which in no case in- 
volves any gi-eat additional trouble, and 
which from the small amount of fuel re- 
quired can often be carried out with very 
little additional expense, the H. P. ob- 
tained will be as follows: Let it be sup- 
posed that the air arriving at the motor 
at 60° Fahrenheit is reheated to 300° 
Fahrenheit, as in the case of the Farcot 
steam-engine, details of which are given 
above. Then 

T 761 
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5,743 


5,168 
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Here again, excepting two cases, the 
efficiency reckoned on the indicated 
power is from 64 to 75 per cent, neglect- 
ing the cost of the fuel for reheating. 

Case XL — ^A long-distance transmission 
may now be discussed. Suppose, as be- 
fore, that 10,000 indicated H.P. is de- 
veloped in the steam-cylinders of the 
compressors, and is to be transmitted a 



Casell. 


Initial 
Pressure. 
Lbs. per 

Sq. In. 
Absolute. 


Initial 
Velocity. 
Feet per 

Second. 


Diameter 
of Main 
in Feet. 


Diameter 
of Main 

in 
Indies. 


d 

e 

/ 


78.6 
189.8 
191.1 


(20 
■^85 
(60 

(20 
^85 
(50 

(20 
^85 
|50 


8.96 
8.99 
2.51 

2.68 
1.91 
1.60 

1.95 
1.47 
1.28 


47.6 
85.9 
80.1 

80.4 
22.9 
19.8 

28.4 

17.6 
14.8 



distance of 20 miles. Taking the same 
pressures as before, the calculations of 
the weight of air compressed need not be 
repeated. The initial velocities previ- 
ously assumed will, however, be exces- 
sive, because the velocity in the main 
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increases as the pressure &lls^ and in this 
case^ as the fall will be considerable^ the 
terminal velocities are much greater than 
the initial velocities. Initial velocities 
of 20, 35, and 50 feet per second will be 
assumed.* 

None of these mains are impracticable 
in size. The following table gives the 
calculation of the pressure loss: 



Case II. 



Initial 


Initial 


Diam- 


Terminal 


Press- 


Veloc- 


eter of 


Pressure. 


ure. 


ity. 


Main 
in Feet. 


Lbs. per 
Sq.fn. 




(20 


8.96 


68.0 


78.5 


^85 


2.99 


47.6 




(50 


2.51 


Impossible 




(80 


3.53 


116.5 


182.8 


■^86 


1.91 


88.4 




(60 


1.60 


Impossible 




20 


1.95 


160.8 


191.1 


-^86 


1.47 


Impossible 




60 


1.28 


Impossible 



Loss of 
Pressure 
in per 
cent of 
Initial 
Pressure. 



7.4 
85.8 



11.9 
70.9 



15.8 



It turns out on calculation that some 
of the cases assumed are impossible. 
That is, the whole initial pressure is in- 
sufficient to give the assumed initial ve- 
locity. In one other case, the 1.91 foot 
main with a velocity of 35 feet, the loss 

* See table on page 111. 
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of pressure in the main is impracticably 
large. There remain, however, four 
cases in which neither the size of main 
nor the loss of pressure in a transmission 
to a distance of 20 miles is such as to 
render the transmission impracticable. 
In three cases the loss is remarkably 
small, and the terminal pressure quite 
suitable for application. For instance, 
it appears that the air compressed by 
10,000 H. P. to 132.3 lbs. per sq. in. can 
be transmitted to a distance of 20 miles 
in a 30-inch main with a loss of pressure 
of only 12 per cent. 

The power delivered at a distance of 
20 miles by air-motors using the com- 
pressed air can now be calculated. If 
the air is used cold the power obtained 
will be as follows : 
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47.6 
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4,989 
4,017 
4,598 
4,866 


4,490 
8,615 
4,138 
3,928 
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If the air is reheated to 300'' Pahr., as 
assumed in the previous case^ 



CaseU. 


Initial 
E^ressure. 
Tibs, per 

Sq.fn. 


Terminal 

Pressure. 

Lbs. per 

Sq.fc. 


Initial 
Velocity 
in Main. 
Feet per 
Second. 
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H. P. 

of 
Motor. 


Brake 
or Ef- 
fective 
H.P.of 
Motor. 


d 

e 
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78.6 1 

182.8 
191.1 


68.0 
47.6 
116.6 
160.8 


SO 
85 
20 
20 


7,284 
5,865 
6,718 
6,878 


6,555 
6,278 
6,041 
5,786 



Here the efficiency of the whole ar- 
rangement—calculated on the indicated 
power, the air being delivered at a dis- 
tance of 20 miles, and including all losses 
— is 40 to 50 per cent if the air is used 
cold, and 59 to 73 per cent if the air is 
reheated. The results are based abso- 
lutely on efficiencies already obtained in 
similar cases, and the sole loss neglected 
is possible leakage in the mains. 

Fig. 7 is drawn to scale for Case II, e. 
It is a diagram showing the relation of 
the work expended and useful work re- 
covered when 10,000 H. P. is transmitted 
20 miles in a main 30 inches in diameter* 
AEGB is the work expended in a two- 
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lau 



Combined Action of Compressor Main and Motor. 
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stage compressor, compressing 1 lb. of 
air from 14.7 to 133.3 lbs. per sq. in. By 
cooling in the mains the volume of the air 
shrinks from EG to EF. The frictional 
resistance reduces the pressure to 116.5 
lbs. per sq. in., when the air has the volume 
MK determined by the isothermal. The 
work done by an air-motor, using the air 
cold, is MKCA. If the air is reheated to 
300° the volume expands from MK to 
ML (1.46 times). Then the work of the 
air-motor, using reheated air, is MLDA, 
and KLDC is the important gain of 
work due to reheating. Of course the 
areas given by the diagram have to be 
multiplied by the efficiencies given above. 
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